The overall survival of gastric carcinoma patients remains poor despite improved control over known risk factors and surveillance. This highlights the need for new classifications, driven towards identification of potential therapeutic targets. Using sophisticated molecular technologies and analysis, three groups recently provided genetic and epigenetic molecular classifications of gastric cancer (The Cancer Genome Atlas, 'Singapore-Duke' study, and Asian Cancer Research Group). Suggested by these classifications, here, we examined the expression of 14 biomarkers in a cohort of 146 gastric adenocarcinomas and performed unsupervised hierarchical clustering analysis using less expensive and widely available immunohistochemistry and in situ hybridization. Ultimately, we identified five groups of gastric cancers based on Epstein-Barr virus (EBV) positivity, microsatellite instability, aberrant E-cadherin, and p53 expression; the remaining cases constituted a group characterized by normal p53 expression. In addition, the five categories correspond to the reported molecular subgroups by virtue of clinicopathologic features. Furthermore, evaluation between these clusters and survival using the Cox proportional hazards model showed a trend for superior survival in the EBV and microsatellite-instable related adenocarcinomas. In conclusion, we offer as a proposal a simplified algorithm that is able to reproduce the recently proposed molecular subgroups of gastric adenocarcinoma, using immunohistochemical and in situ hybridization techniques. Gastric carcinoma is the fifth most common malignancy and the third leading cause of cancer-related death worldwide. Despite better control over known risk factors and development of new chemotherapeutic and targeted agents, in the United States, the 5-year overall survival for gastric cancer patients is only 29%. 1 With regard to patient stratification, although several morphologic classifications have been developed, one broadly used system is the Lauren classification, which divides gastric adenocarcinoma into intestinal and diffuse types. 2 The simple two-tiered classification gives a general understanding of the histogenesis and biology of gastric cancer, and has been particularly helpful in evaluating the epidemiologic data. Another widely used system is the WHO classification, which is based on more precise histologic patterns. It is an all-inclusive system, which recognizes all the rare subtypes that were not identified in the Lauren classification. 3 Nevertheless, its clinical utility is doubtful as there is little difference in outcomes between the distinct histological subgroups.
Gastric carcinoma is the fifth most common malignancy and the third leading cause of cancer-related death worldwide. Despite better control over known risk factors and development of new chemotherapeutic and targeted agents, in the United States, the 5-year overall survival for gastric cancer patients is only 29%. 1 With regard to patient stratification, although several morphologic classifications have been developed, one broadly used system is the Lauren classification, which divides gastric adenocarcinoma into intestinal and diffuse types. 2 The simple two-tiered classification gives a general understanding of the histogenesis and biology of gastric cancer, and has been particularly helpful in evaluating the epidemiologic data. Another widely used system is the WHO classification, which is based on more precise histologic patterns. It is an all-inclusive system, which recognizes all the rare subtypes that were not identified in the Lauren classification. 3 Nevertheless, its clinical utility is doubtful as there is little difference in outcomes between the distinct histological subgroups.
Following the successful Trastuzumab for Gastric Cancer (ToGA) trial, the only validated predictive biomarker for personalized therapy of gastric cancer is limited to human epidermal growth factor receptor (Her2) protein expression. 4 Recently, anti-vascular endothelial growth factor receptor 2 (VEGFR2) antibody (ramucirumab) has been FDA approved, and anti-epidermal growth factor receptor (EGFR) and mesenchymal-epithelial transition factor (MET or hepatocyte growth factor receptor therapy) are in clinical development. 4 Despite ongoing progress, a certain disconnect persists between the morphologic classification schemes and the biology of gastric adenocarcinoma, and, ultimately, the applications of targeted therapies. Recent studies have emphasized the need for new patient stratification strategies that incorporate the emerging molecular classification of gastric cancer and identification of potential therapeutic targets ( Table 1 ). The 'Singapore-Duke' study identified three distinct molecular signatures based on genetic and epigenetic expression of drug-responsive clusters, and subclassified gastric adenocarcinoma into (a) a proliferative subtype characterized by high TP53 mutations and activation of oncogenic pathways, (b) a metabolic subtype with low TP53 mutations and expression of genes characteristic of normal gastric mucosa and metabolic pathways, among other features, and (c) a mesenchymal subtype with low expression of CDH1 and TP53, increased stem cell marker, and genes characteristic of the epithelial-mesenchymal transition pathway. 5 The authors commented that the proliferative and mesenchymal types corresponded to Lauren intestinal and diffuse types, respectively. Metabolic-type gastric cancers were highly sensitive to 5-fluorouracil, and the mesenchymal-type gastric adenocarcinomas were more sensitive to phosphatidyl-inositol-3-kinase inhibitors. The Cancer Genome Atlas subdivides gastric cancer based on genetic and epigenetic expression in four pathogenetic pathways: (a) Epstein-Barr virus (EBV) gastric adenocarcinomas characterized by hypermethylation of CDKN2A, and mutations in PIK3A and PD-L1 expression, (b) microsatelliteinstable high gastric adenocarcinomas with hypermethylation and MLH1 silencing, (c) genomically stable group with CDH1 and RHOA mutations, and (d) chromosomal-instable group corresponding to intestinal histology and a high number of TP53 mutations. 6 Another recent study from the Asian Cancer Research Group based on gene expression profiling, genome-wide copy number microarrays, and targeted gene sequencing proposed classification of gastric adenocarcinoma into (1) microsatelliteinstable gastric cancer, which present with best overall prognosis and the lowest frequency of recurrence, (2) microsatellite-stable adenocarcinomas 7 Although these studies represent a significant progress in defining gastric cancer from a biologic point of view, they were limited either by a lack in clinical scope or the lack of immediate clinical applicability. In fact, to define these subgroups, these studies used multiple advanced molecular techniques including DNA sequencing, RNA sequencing, whole-exome sequencing, copy number variation analysis, and DNA methylation arrays, which are not currently cost effective in practice. Thus, we developed a study with the goal of testing the validity of the three classifications using a series of gastric adenocarcinomas, focusing on protein and mRNA expression and using techniques available in routine diagnostic practice. Furthermore, we attempted to formulate an algorithm to distinguish the molecular subtypes for easy clinical classification and better patient selection for putative targeted therapy.
Materials and methods

Tissue Samples
The tissue microarrays (24 cores per slide, 3 mm each, 1-2 cores per case with 2 controls per slide) were constructed from 146 primary gastric cancer resections performed at Massachusetts General Hospital from 1988 to 2007. The review board at the Massachusetts General Hospital approved this study. Collected clinical and pathologic features include age ( o /470 years of age, using 70 years (median age)), gender, maximal size (o /45 cm, using 5 cm (median)), Lauren type (diffuse, intestinal), TNM stage, tumor grade (grades 1/2/3/4), 8 tumor site (cardia, body/fundus, antrum, multifocal), lymphovascular and/or venous invasion, perineural invasion, and overall survival (months). At least two gastrointestinal pathologists reviewed all H&E slides (HSH and GYL).
Biomarker Panel
Expression for 14 different biomarkers was performed and included EBER in situ hybridization, p53, mismatch repair proteins (MLH1, PMS2, MSH2, and MSH6), E-cadherin, PD-L1, MUC2, CDX2, CD10, MUC5AC, MUC6, and HER2. The specifications and dilution, site (membranous, nuclear, and cytoplasmic), scoring criteria, and pattern of staining for all biomarkers are listed in Table 2 . Appropriate RNA controls, to assure RNA preservation, were performed on all tissue microarray slides where required. Two gastrointestinal pathologists reviewed all immunohistochemical stains and in situ hybridization (GYL and NS).
Rationale for Biomarker Evaluation
EBER in situ hybridization is the gold standard to detect EBV status, and localizes the abundantly expressed long noncoding RNAs EBER1 or EBER2 in malignant cells. 9, 10 Use of immunohistochemistry for mismatch repair proteins has a high sensitivity, specificity, and positive and negative predictive value for deficiency of the mismatch repair system. 11 Additionally, the predominant mechanism of microsatellite instable in gastric cancer is promoter hypermethylation of MLH1 rather than mutations. 6, 12 Several studies have shown an association between aberrant E-cadherin expression and diffuse-type adenocarcinomas, 13, 14 and it has been suggested that loss of E-cadherin is a phenotypic expression of the genetic alteration noted in diffuse-type gastric adenocarcinoma (CDH1 mutations). 15 Immunohistochemical staining of E-cadherin has been shown to mirror the mRNA expression also. 16 A disconcordance between the immunostaining of p53 and its mutational status has been reported by several studies; 17 however, the difference has been reported to decrease if the criteria of overexpression are stringently applied, 18 as in the current study (Table 2) .
Statistics
The statistical analysis was performed using the R software for statistical computing v.3.0.2 (http:// www.r-project.org/). Categorical variables were compared with the Fisher's exact test, and P-value o 0.05 (two-sided) was considered statistically significant. The overall survival was measured from the date of resection of the gastric adenocarcinoma to the date of death from any cause (recorded from the medical chart and/or the Social Security death index; http:// www.genealogybank.com/gbnk/ssdi/). The survival data was analyzed by Cox proportional hazards analysis. Unsupervised hierarchical clustering analysis with average linkage algorithms was applied to the data set with the chosen five biomarkers (EBER in situ hybridization, MLH1, PMS2, E-cadherin, and p53), followed by comparison of clinical phenotype and outcome analysis. This was performed using Figure 1 depicts the biomarkers expression-based clusters along with key clinicopathologic features. Figure 2 presents the proteinbased expression.
Clinicopathological Features of the Five Subtypes of Gastric Cancers
EBV-positive gastric cancer (Cluster 1). See clinical characteristics in Table 3 . The lesions were characterized by prominent lymphoid infiltrate in all cases ( Figure 3 ). EBV-positive gastric adenocarcinomas trended towards a better survival (P = 0.15, CI: 0.14-1.36, HR 0.43 median survival 264 vs 29 months for non-EBV gastric cancer, Figure 4) ; however, the difference was not statistically significant. A strong correlation with membranous expression of PD-L1 in tumor cells was seen (57% vs 0%, P = 0.001) (Figure 3 ).
Microsatellite-instable gastric cancers (Cluster 2).
See clinical characteristics in Table 3 . There was a significant association with MUC2 expression (8/24 (33%) in this cluster compared with the rest of the cohort 18/122 (15%), P = 0.04). This cluster had a lower frequency of lymph node metastasis (lymph node stage category 4N1, 27% microsatellite-instable adenocarcinoma vs 55% non-microsatellite-instable gastric cancer, P = 0.02, CI: 0.09-0.91), and the patients trended toward better survival (P = 0.09, CI: 0.32-1.09, HR 0.59, median survival: 56 vs 27 months for nonmicrosatellite-instable gastric cancer; Figure 4 ). The loss of MLH1 and PMS2 was the predominant pattern (95.8%); an additional case showed loss of PMS2 only (4.16%) ( Figure 5 ).
Gastric cancers with aberrant E-cadherin expression (Cluster 3)
. See clinical characteristics in Table 3 .
The gastric cancers were predominantly of the poorly cohesive (ie, diffuse) type (27/30, 90%). This group was subdivided into Cluster 3A showing complete loss of E-cadherin (40%) and Cluster 3B with cytoplasmic granular E-cadherin (60%) staining ( Figure 6 ). The patients of Cluster 3 had significantly lower aberrant p53 expression (16/30, 53%) vs 91/114 (80%) in the remainder (P = 0.004). The difference was more significant in subcluster 3B vs the remainder (7/18 (39%) in 3B vs 100/126 (79%) in the remainder, P = 0.0007). The patients in 3B also Gastric cancers with aberrant p53 expression (Cluster 4). See clinical characteristics in Table 3 . The tumors were predominantly of intestinal type (61/76, 81%). The lesions were associated with higher lymph node stage 4N0 (P = 0.03, CI: 1.06-6.24, 81% vs 63% in the remaining adenocarcinomas). This cluster trended towards increased Her2 staining (Her240, P = 0.05, CI: 0.97-11.34, 20% vs 8% in the remaining cases). No significant survival difference was noted in this group (P = 0.13, CI: 0.92-2.03, HR 1.36, median survival 27 vs 38 months in the remaining adenocarcinomas; Figure 4 ).
Based on the pattern of MUC and CD10 expression, this cluster was subdivided into four subgroups (intestinal (MUC2 ± CD10); gastric (MUC5AC ± MUC6); mixed (MUC2 ± CD10 and MUC5AC ± MUC6); and null (MUC2 − CD10 − , MUC5AC− , and MUC6− ) subgroups) (Figures 7 and 8 ). Intestinal and mixed adenocarcinomas trended towards increased Her2/neu expression (intestinal phenotype adenocarcinoma: Her2 40, P = 0.10, CI: 0.60-13.40, 17% vs 6%; mixed phenotype cancer: Her2 40, P = 0.05, CI: 0.76-17.70, 36% vs 13%). Null-type cancer were associated with higher frequency of nodal metastasis 4N0 (P = 0.03, CI: 1.03 − 410 3 , 100% vs 69% in the remaining cases). Those were also associated with a significantly higher percentage of lymphovascular invasion (P = 0.01, CI: 1.35 − 410 3 , 100% vs 61%). There was no survival difference between the subcategories. Figure 4 ).
Gastric adenocarcinomas with normal p53 expression (Cluster 5). The remaining cancers (7% of cases with normal p53 expression) constituted
Discussion
We hereby propose a biomarker expression-based classification of gastric adenocarcinomas that parallel the recently recognized genetic classifications of gastric cancer. [5] [6] [7] Hierarchical clustering resulted in the determination of the four main groups, and while these groups are not entirely mutually exclusive, an algorithm for their diagnostic distinction is provided (Figures 1 and 2) . In our cohort, we found a lower incidence of EBV gastric cancers (5%) compared with the the Cancer Genome Atlas 6 (8.8%) and other publications (2-20%). 9 However, another study showed a similar frequency of 5.1%. 19 The mechanism of EBV carcinogenesis is a genome-wide DNA methylation. The process involves a series of tumor suppressor genes (eg, p14, p15, p16, APC, CDH, MGMT and PTEN), which result in uncontrolled cell growth. 20, 21 Of note, although microsatellite-instable gastric adenocarcinomas are also associated with hypermethylation and silencing of genes (and their promoters) in a distinctive pattern. EBV gastric cancers having a more extensive pattern of methylation of promoter and non-promoter CpG islands. 22 In fact, EBV gastric cancers are almost exclusive of the microsatellite-instable phenotype. 6, [23] [24] [25] A series of characteristics are important to underscore; EBV gastric cancers lack RHOA mutations; 6, 23, 24 however, a decreased expression of RHOA (and CDH1) may be seen secondary to hypermethylation of the gene or its promoter. 23, 24, 26, 27 They also show a lack of TP53 mutations. 6, 23, 24, 28, 29 This trend was also recorded in the Asian Cancer Research Group data set. 7 It has been suggested that the profound global DNA effects are responsible for the distinctive clinicopathologic features of EBV gastric cancers 20 including male predominance 9, 30 and proximal location. 31 Notably, the purported younger age has not been confirmed by recent analysis. 19, 32 In the current study, we confirmed the non-antral location. A trend for younger ( o 70 years) male patients was seen; however, the difference was not statistically significant. A prominent lymphoid infiltrate was seen in all cases, which is consistent with prior studies. 33 This group also had trend towards better survival, consistent with the reported literature. 23, 32, [34] [35] [36] A significant association with the immunecheckpoint pathway protein programmed death ligand (PD-L1) was seen in the EBV gastric cancer cluster. Similar findings have been noted at genomic levels with amplification of the 9p24.1 locus, which includes the CD274 gene (encoding for PD-L1). 6, 24 The prognostic significance of this finding is unclear currently. Nevertheless, it suggests a potential role for immunotherapy with anti-PD-1/PD-L1 monoclonal antibodies augmenting antitumor immune response.
Microsatellite-instable gastric adenocarcinomas have been recognized previously as a distinct group based on clinicopathologic 37 and molecular findings. 6, 38 However, aberrant E-cadherin or p53 expression may be seen in this subgroup, with hypermethylation of CDH1 27 and abnormalities in TP53 (most frequently as a result of loss of heterozygosity). 39 There is no prognostic significance to these findings, allowing the present segregation strategy. The frequency of microsatelliteinstable gastric adenocarcinoma in our cohort was 16% vs 21.7% in the Cancer Genome Atlas 6 , 22.7% in the Asian Cancer Research Group, 7 and 8-25.9% in the literature. [40] [41] [42] The reported incidence is higher in western studies 43 and associated with older age, female gender, larger tumor size, intestinal differentiation, and lower rate of nodal involvement. 40, 44 In the Asian Cancer Research Group, the microsatellite-instable subtype was predominantly associated with antral location, early stage, and intestinal phenotype as well. 7 We confirmed the association with intestinal differentiation as established by MUC2 positivity (rather than the Lauren intestinal morphotype) and lower frequency of nodal metastasis. This observation is also reflective of lesser biologic aggressiveness and a trend towards longer survival in this group. Consistent with prior studies, loss of MLH1 and PMS2 was the predominant pattern. 40, 45 The mechanism is predominantly hypermethylation of MLH1 promoter 6, 46 and, less commonly, mutations in MLH1 and MSH2. 46 Notably, mismatch repair deficiency and TP53 mutations are not mutually exclusive carcinogenic pathways. Similar observations have been noted in prior studies of gastric adenocarcinoma. 39 After exclusion of the EBV and microsatelliteinstable clusters, we identified a distinct subgroup of cases, characterized by aberrant E-cadherin expression. A few studies have reported TP53 mutations as a late event in the development of poorly cohesive gastric cancer, which was our rationale for using cases of 'gastric cancer with aberrant E-cadherin expression' before 'gastric cancer with aberrant p53 expression' to assign a group for clinical applicability. 47, 48 The frequency of this subset best correlates with the gastric cancer-stable group (genomically stable) reported in the Cancer Genome Atlas, 6 and the microsatellite stable/epithelial-mesenchymal transition subtype of the Asian Cancer Research Group. 7 This group constituted 21% of the entire cohort similar to the 20% and 15.3% reported in these studies. The histologic Lauren diffuse type, observed in this group (90% diffuse type), is comparable to the so-called mesenchymal group of Lei et al 5 (seen in 73% diffuse type). An enrichment of mutations in CDH1 has been noted in 37% of the genomically stable group; and an additional 30% of the cases had either RHOA or CLDN18-affecting RHOA or ARHGAP's regulation of RHOA and/or cell motility. 6 Of note, activated RHOA has been reported to act through effectors, including ROCK1, with resultant activation of STAT3, whose expression has been linked to aberrant E-cadherin expression in diffuse-type gastric cancers. 49, 50 Although not confirmed, it is likely that genetic and epigenetic changes in both CDH1 and RHOA would result in decreased expression of E-cadherin protein.
Of interest, Lei et al 5 demonstrated a low level of expression of E-cadherin and p53, similar to our group, in their mesenchymal subgroup. Furthermore, it is worth mentioning that CDH1 and RHOA mutations were not as prevalent in the microsatellite- Protein expression-based classification of gastric cancer stable/epithelial-mesenchymal transition subtype of Asian Cancer Research Group compared to the The Cancer Genome Atlas. 6, 7 Given the amplification of gastric stem cell markers seen in the mesenchymal subtype, a role for preferential sensitivity to PI3K-AKT-mTOR inhibitors has been suggested. 5 CDH1 and RHOA signaling pathway's dysfunction has been reported in this subgroup; inhibition of RhoA activity by using an inhibitor of Rho-associated kinase (ROCK), which is an effector protein of RhoA, has been shown to induce apoptosis of gastric cancer cells. 51 A recent study demonstrated a decrease in epithelialmesenchymal transition (increased expression of E-cadherin and decreased expression of N-cadherin) with danusertib (potent pan-Aurora kinase). The drug also inhibits the PI3K/Akt/mTOR-mediated signaling pathway in human gastric cancer cells. 52 Another interesting finding was the aberrant cytoplasmic expression of E-cadherin. Prior studies refer to this as 'heterogeneous aberrant staining' 53 or 'paranuclear staining.' 54 It has been suggested that mutation of exon 8 of CDH1 expresses an abnormal E-cadherin protein that lacks the appropriate signals for post-translational modifications, which permit the normal transport to the cell membrane and glycosylation of E-cadherin; this results in the arrest of E-cadherin in the Golgi apparatus. 53, 55 In another report, cytoplasmic E-cadherin was present in a gastric adenocarcinoma with a 5-bp insertion in exon 9. 56 The significance of a lower aberrant p53 expression (39% vs 75%) in the two subclusters (cytoplasmic vs complete loss of E-cadherin) is unclear. Furthermore, there was no difference in the clinicopathologic features or survival other than a trend towards older age in the subset with cytoplasmic expression.
The cluster with aberrant p53 expression formed the majority of cases (51%), and is concordant with the chromosomal instability group (50%) of the Cancer Genome Atlas 6 , the proliferative subtype (45%) of Lei et al, 5 and the microsatellite-stable/ TP53 type of the Asian Cancer Research Group (35.7%). 7 A strong correlation with Lauren intestinal morphotype (81%) was seen, supporting this group's correspondence to chromosomal instability (84%) 6 , proliferative type (75%), 5 and microsatellite-stable/ TP53 type (85.1%). 7 A higher lymph node stage was observed, as has been reported previously in gastric cancers with TP53 mutations. [57] [58] [59] [60] [61] A trend towards increased Her2/neu was also noted; however, the overall frequency of Her2/neu positivity was low, which may be attributed to an overall lower percentage of Lauren intestinal-type cancers (49%) in our cohort, in comparison with the ToGA trial where intestinal-type constituted 91% of tumors. 62 For gastric adenocarcinomas with aberrant p53, potential targets include the blockade of receptor tyrosine kinases (ie, HER2, EGFR, VEGFR, c-MET, and fibroblast growth factor receptor 2, and cellcycle mediators (CCNE1, CCND1 and CDK6)), which are amplified in this group. 6 The features of the group with normal p53 expression and increased MUC6 expression likely correspond to the metabolic subtype reported by Lei et al. 5 This group has been related to the spasmolytic polypeptide-expressing metaplasia pathway, owing to the overexpression of genes characteristic of normal gastric mucosa. Of note, the metabolic subtype is highly sensitive to 5-fluorouracil owing to significantly lower expression of both thymidylate synthase and dihydropyrimidine dehydrogenase. 5 A limitation of our study is the lack of corresponding genetic and epigenetic data for the cohort, which may result in some misclassification of the tumors. However, the fact that we have upregulation or lack of expression of the key proteins corresponding to the reported molecular classifications of gastric cancer (eg, increased expression of EBER by in situ hybridization, loss of MLH1, loss of E-cadherin and aberrant p53) suggests that the error may be minimal. This classification algorithm was also independently verified by hierarchical clustering analysis. Admittedly, although improved survival trends were noted in some subgroups, we also did not observe statistically significant survival differences within the subgroups; a likely consequence of the limited number of cases in some subgroups and an observation that ought to be tested in larger studies.
As the prognosis of gastric adenocarcinoma remains dismal despite improving surgical and adjuvant therapies, recent advances in genomic technologies have paved the way toward understanding the molecular underpinning of gastric cancers and the identification of therapeutic biomarkers that influence outcomes and guide management strategies. However, to date, in clinical practice, gastric adenocarcinomas remain essentially classified histologically, as access and cost of high-throughput genomic technologies may limit universal molecular fingerprinting of all gastric cancers. In this study, taking into account of the results of recently developed genetic and epigenetic molecular classifications of gastric adenocarcinomas, we demonstrate that in situ hybridization and immunohistochemical characterization of tumors can appropriately identify tumor subgroups similar to genomic profiling and could be an alternative in guiding targeted therapies. Nevertheless, this proposal necessitates validation. First, given that we have only assessed up to two cores per case, the issue of intratumoral heterogeneity needs to be evaluated. Second, the sensitivities and specificities of the immunohistochemical markers need to be explored. Finally, given that immunohistochemistry is a non-quantitative method and that quantitative molecular testing alternatives are readily available (eg, qRT-PCR), such assays should be evaluated as an alternative, although more expensive technology.
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